This paper deals with the dynamic response of pump-turbine impellers. A pump-turbine impeller is a complex structure attached to a rotor and rotating inside a casing full of water with very small clearances between the rotating and the stationary parts. The dynamic response of this type of structures is very complex and it is very much affected by the connection to the rotor as well as by the added mass and boundary conditions. As a consequence its calculation presents several uncertainties.
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This paper deals with the dynamic response of pump-turbine impellers. A pump-turbine impeller is a complex structure attached to a rotor and rotating inside a casing full of water with very small clearances between the rotating and the stationary parts. The dynamic response of this type of structures is very complex and it is very much affected by the connection to the rotor as well as by the added mass and boundary conditions. As a consequence its calculation presents several uncertainties.
First, the dynamic response of pump-turbine impellers is introduced. Second an experimental investigation in a real impeller attached to the rotor and inside the machine was carried out. For this investigation, the impeller of an existing pump-turbine unit with an installed power of 110 MW and a diameter of 2.87 m was studied. For a better analysis of the experimental results a numerical model using FEM was also built-up. Frequencies and mode-shapes were identified numerically and experimentally and the characteristics of the structural response analyzed.
To determine the influence of the rotor and supporting structures on the impeller response the results were compared with the ones obtained with the same impeller but suspended (non-connected to the rotor). Experimental and numerical simulation were also used for this case. The changes in the dynamic response due to the rotor connection were determined.
Finally the results obtained are compared with the results from other pump-turbine impellers of different designs and general conclusions about the dynamics of this type of structures are given.
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Introduction
With the increase of new renewables (wind, solar, and marine energy), pump-storage power plants are becoming more and more important for grid control. These power plants are used for the storage of the surplus of energy produced by other power plants when energy demand is low so that consumption and generation is always matched. The stored energy can be delivered again to the electrical grid when demand is high. The future of renewables is tied directly to pump-storage which is the most effective technology for the storage of large amounts of energy.
Pump-storage power plants use pump-turbines which are reversible machines that can be operated as a pump and as a turbine. The impeller of a pump-turbine is a complex structure, very stiff and rotating inside a casing full of water with very small clearances between the impeller and the casing. Under these conditions the dynamic response of the impeller is very complex because it is affected by the added mass and damping of water, by the rotor to which it is connected and by the proximity of the casing walls. The hydrodynamic added mass and damping effects modify the natural frequencies and mode-shapes. The effects of all these parameters on the natural frequencies should be known at design stage in order to avoid operation at resonance conditions which would generate excessive stresses and fatigue damage.
With the trends to increase power concentration (head per stage), the pressure fluctuation induced by the rotor-stator interaction during the operation of the machine is large resulting in large dynamic forces on the impeller. If resonance occurs, damage can appear in the impeller and in fact, damage in this type of impellers was reported by several authors [1] [2] [3] . To avoid this kind of problem, it is of paramount importance to have an accurate understanding of the dynamic response of the impeller, especially when it is submerged in water.
For a structure with a complex geometry, such as a hydraulic turbine impeller, there is a limited number of studies available, performed in Francis impellers in air and in water but with simplified boundary conditions [4] . Other publications have presented detailed experimental and numerical analysis considering the effect of surrounding mass of water [5] [6] [7] but in a reduced scale model and without taking into account the boundary conditions of the casing. Other publications about dynamic behavior in Francis turbines [8] do not give details about the impeller response.
A pump-turbine impeller has a quite different design than a Francis turbine impeller. There are even fewer references available for this type of impeller, especially for a prototype. Some results in reduced-scale models and prototypes are available in air and water but without casing [9, 10] . The frequency response of prototype impellers is shown in [11] but no details about the influence of boundary conditions are indicated. A reference publication in this field [12] gives a general view on the dynamic behavior of a prototype impeller but the impeller response shown is only in air. Detailed measurements of the dynamic response of pump-turbine impellers with real mounting conditions (connected to the rotor and inside the casing) have never been published.
In this paper the dynamic response of actual pump-turbine impellers is investigated. After introducing the general characteristics of a impeller response, an experimental investigation is carried out with the impeller in real mounting conditions, connected to the rotor and inside the casing. To determine the influence of the rotor connection the natural frequencies and mode-shapes obtained are compared with the ones of the same impeller but suspended (without the influence of the rotor). Numerical models were built-up and the numerical results were compared with the experimental data. In the paper a comprehensive analysis of the impeller dynamic characteristics is indicated showing the evolution of natural frequencies and mode-shapes. Finally the results are compared with the results obtained in other impellers and general conclusions are given. The paper is limited to the dynamic response of the impeller and the shaft response is not included. Rotating effects are not included either.
Dynamics of a pump-turbine impeller

Modal behavior of disk-like structures
The vibration modes of a cyclic symmetric structure can be classified according to the numbers of harmonic index (k), nodal diameters (N D ) and nodal circles (N C ). The harmonic index (k) is an integer that determines the variation in the value of a single degree of freedom (DOF) at points spaced at a circumferential angle equal to the sector angle. The following equation represents the relationship between the harmonic index k and nodal diameter N D for a model consisting of N sectors
Defined by the condition k¼0, the modes are singlet. These modes are independent of the angular coordinate θ. The modes with ka0 are doublet; they have a pair of mode shapes with the same natural frequency. Each member of such a pair has either sinusoidal or cosinusoidal θ-dependent mode shape. The only difference between them is a spatial phase shift of ϕ. Another parameter is the nodal circle N c that represents the number of circles with zero out-of-plane displacement in the structure [13, 14] .
Modal behavior of a pump-turbine impeller
For a complex structure with cyclic symmetry (e.g., a hydraulic impeller) the dynamic behavior becomes entangled and the modal diameters may not be clearly observable in a mode shape. Moreover, due to the structural characteristics of pump-turbine impellers, the crown and band have much lower stiffness in the axial direction than the blades, especially near the outer diameter of the impeller. From a global point of view, it can be observed that the displacement is mainly in the outer diameter in axial direction. This part is very close to the guide vanes, receiving the main excitation due to the rotor-stator interaction phenomenon during the operation of the machine. Hence, it is also the position where damage may occur and its behavior is more interesting. There is also deformation in the inner diameter but in radial direction ( Fig. 1) Because of the odd number of cyclic sectors and the large span angle of each blade (around 1801), the global stiffness distribution is not smooth on the structure. Consequently, the main features cannot be clearly observed in some modeshapes, especially for the modes in higher frequency.
Therefore, with a singly specified value of N D , several different modes, exhibiting different relative motions between the two parts, will exist. They may include the in-phase motion (IPh), the counter-phase motion (CPh), the crown-dominant motion (CD), and the band-dominant motion (BD). Though infinite modes exist theoretically, only some modes with lower natural frequencies are interesting from the engineering point of view, especially the ones with 2-ND and 3-ND because these are the ones more prone to be excited by the pressure pulsations when the machine is in operation [12, 15, 16] .
Dynamics of the impeller attached to the rotor
In the machine, the impeller is fixed to the rotor shaft through a bolt coupling. The connection between impeller and rotor affects the dynamics of the whole system. To determine the influence of the rotor on the dynamic response of the impeller an experimental and a numerical investigation were carried out. The results were compared with the dynamic response of the impeller without rotor connection.
Machine description
For this study the impeller of an existing machine was selected. The machine is a vertical shaft pump-turbine unit with the electrical motor/generator in the upper part and the turbine in the lower part (Fig. 2a) . For pump operation, the design head is H ¼382 m, the flow rate Q¼24 m 3 /s and the power W¼ 97.7 MW. For turbine operation H ¼370 m, Q¼31.25 m 3 /s and W¼104 MW. Geometrical details of the impeller were provided by the manufacturer and the plant operator granted permission for the tests. The tested impeller is the rotating part of the pump-turbine with a rotating speed of 600 rpm; it has 7 blades and an external diameter of 2.870 m with a weight of 10200 kg. The number of guide vanes around the impeller is 16. The impeller is a disk-like structure with two disks (called the crown and the band). The impeller blades are located between these two disks (Fig. 2b) . The impeller is made of G-X3CrNi13.4; the material properties are shown in Table 1 . 
Numerical simulation
For the simulation a FEM numerical model of the whole machine was generated. The hydropower unit has two main components: the electrical machine (generator) and the hydraulic machine (turbine), connected by a rigid coupling. The complete rotating system is composed of a shaft with a generator at one side and the impeller at the other side. Three radial bearings and one axial bearing are the support of the rotor (see Fig. 2a ). The structure supporting the thrust bearing and the turbine bearing can be shown in Fig. 3 . The other bearings (lower and upper generator bearings) are connected directly to the concrete structure by a rigid structure. Because the head-cover structure can have significant effects on the dynamic response of the system it was included in the simulation (Fig. 3) . In the parts of the head-cover structure connected to the concrete structure (shown in red color in Fig. 4 ) it was considered a complete restriction of motion in axial direction. For the other bearings the stiffness coefficients were estimated and imposed in the numerical model. For the upper generator bearing the bearing stiffness selected was 10 9 N/m and for the lower generator bearing 2.4 Â 10 9 N/m.
High order tetrahedral elements were used to obtain a high quality mesh of the structure for the numerical calculation. A finer mesh density was used in the impeller and surrounding structure. Sensitivity analysis of the mesh density showed that a mesh of about 200000 elements is enough to have converged values. A finite element model of the structure with 206,500 elements was adopted to perform the simulation (Fig. 4) . The results obtained with the numerical model will be discussed later. 
Experimental tests
Equipment
Taking advantage of a scheduled plant stop for a technical inspection of the machine, a complete measurement on the impeller and shaft was carried out. The impeller was open and accessible; several sensors could be installed on it. The impeller was now in real conditions, that is, attached to the rotor and inside the casing. Fig. 5 shows some of the sensors used and its location in the impeller. Sensors were located on the crown, band and eye so that the main mode-shapes could be identified. The sensors used were ICP accelerometers Kistler with a dynamic range of 750 g, a sensitivity of 100 mV/g and a resonant frequency of 30 kHz. The signals were recorded in a multichannel acquisition system Pulse of B&K.
Impact test were carried out hitting the impeller in different locations with an instrumented hammer. Impacts were done on the impeller in the axial and radial directions changing the position of the impact points for a proper identification of the natural frequencies and mode-shapes. Impacts were also performed on the shaft and head cover. Fig. 6 shows the spectra of the signals captured by the accelerometers located on the crown and on the band when the impeller was excited by the hammer. For frequencies below 250 Hz no large response was observed, for frequencies higher than 1 kHz the observed response is at minimum values. Two frequency ranges with maximum response are identified in the crown spectra while another frequency range can be observed in the response of the band.
Natural frequencies and mode-shape identification
Using several experimental modal analysis techniques (EMA) the natural frequencies were clearly identified. The first two peaks in the spectra are found at 291 Hz and 448 Hz. In Fig. 7 , the FRF in amplitude/phase, the results of the CMIF (complex mode indicator function) and of the stability diagrams for these peaks are represented.
For a better identification of the frequencies, the mode-shapes calculated numerically were compared with the modeshapes obtained experimentally. Operating deflection shapes were used to determine the mode-shapes and visualize the structure motion. Fig. 8 shows the comparison between the numerical results and the experimental results for the first eigenfrequency found (291 Hz). This eigenfrequency corresponds to a 2-ND mode with strong axial deformation in the crown and in the band; both move in phase with similar deformation. The mode-shape also presents a strong radial deformation in the impeller eye. Numerical and experimental results show good agreement.
In Fig. 9 , the second eigenfrequency found at 446.5 Hz can be observed. This corresponds to a 3-ND mode also with strong deformation. Crown and band move in phase with more deformation in the crown than in the band. A clear 3-ND pattern can be seen in the deformation of the eye.
Discussion of results
Taking into account the complex behavior of the impeller and after the validation of the simulation at the first natural frequencies found, a deeper analysis using the experimental results and the numerical simulation was carried out. The experimental FRF comparing the response of accelerometers located in different positions to impacts on different parts of In Fig. 10 , the FRF of the accelerometers located axially in the in the crown and in the band to hammer impacts on the impeller eye is shown. In Fig. 11 , the radial response of the impeller in the eye is also represented. With the axial and radial response in the impeller the complex response can be analyzed and compared with the simulation results. Taking a look at Several natural frequencies are identified corresponding to different mode-shapes. Natural frequencies with modeshapes of zero and one nodal diameters (0-ND and 1-ND) can hardly be seen in the FRF figures. These modes are affected by the rotor dynamics especially at low frequencies and, in these cases, the energy of the impacts has to deform both impeller and rotor giving a lower response. According to the rotor-stator interaction (RSI) which is the main excitation force on the impeller, with the present machine designs only modes with two (2-ND) and higher nodal diameters can be excited [15, 16] .
The response of the modes with 2-ND and higher have a larger response and can be seen as sharp peaks in the FRF functions. In these natural frequencies the rotor is not involved in the deformation and all the energy of the impacts is used to deform only the impeller. Because the excitation generated by the rotor stator interaction during the operation of the machine has typically two or more nodal diameters only mode-shapes with 2-ND or higher are interesting for the analysis of the dynamic behavior of the machine.
As indicated above, the first mode-shape detected with large response is a 2-ND mode which is a doublet mode with repeated frequencies. The peak is identified in Fig. 10 in the crown and in the band axial vibration and also in the radial vibration of the impeller eye (Fig. 11) . This corresponds to the simulation shown in Fig. 8 where deformation in crown, band and eye can be seen. Crown and band move in-phase and there is a strong deformation in the impeller eye.
The second is a 3-ND mode, also a doublet mode with repeated frequencies; three irregular nodal diameters can be observed on both crown and band. The crown and the band move in-phase with larger deformation in the crown than in the band. There is also a large deformation in the impeller eye (see Figs. 9 and 11 ). Both 2-ND and 3-ND are completely separated in frequency and do not affect each other.
From 450 Hz to 550 Hz the response is not so peaky and several eigenfrequencies with high modal density can be observed. In this zone there is a change in the mode-shape characteristics and all the deformation occurs especially in the crown with circumferential asymmetric deformation. Now crown and band are deforming in counter-phase (CPh) and the deformation in the impeller eye is very small as can be seen in Fig. 11 . Natural frequencies with 2-ND and 3-ND mode-shapes are found in this part of the FRF.
This behavior changes again in the range from 550 Hz to 720 Hz. In this range the crown and the band move in-phase again and the deformation is larger in the band than in the crown. At 567 Hz there is a clear 2-ND mode-shape with strong deformation in the band and impeller eye. At 599 Hz other eigenfrequencies are found with an asymmetric response and only with the participation of the band. At 677 Hz a mode with a general deformation especially in the band and in impeller eye is found with a 3-ND mode-shape.
Finally after 720 Hz, there is another change in the modal behavior with strong deformations in the crown and counter-phase deformations. Crown dominated deformations occur until 823 Hz where complex mode-shapes with strong deformation in the crown and in the blades can be found.
In Fig. 12 , the mode-shapes of the most important natural frequencies found are represented. From the analysis of the mode-shapes some general conclusions can be extracted.
In the first natural frequencies found the mode-shapes are disk-like modes having rather clear diametrical nodes. The motion affects the whole impeller with deformation in the crown, band and eye. Crown and band deform in-phase. When increasing frequency the response in the crown increases while in band decreases reaching frequencies where the deformation occurs only in the crown. The deformation occurs only in local parts of the crown and the relative motion between crown and band starts to be in counter-phase. Except in the first mode, in all this frequency range there is a crown dominant (CD) motion.
When increasing frequency again the participation of the crown decreases while the band deformation increases. A global mode is found at 567 Hz with large deformation in crown, band and eye in counter-phase. At 595 Hz another mode is found but now with the maximum deformation in the band; crown and band start to move in-phase. At higher frequencies a double flexion appears in the crown between blades. Blade modes are in this region.
All these characteristics are summarized in Table 2 regarding -The location with maximum deformation
Crown dominating (CD); Band dominating (BD).
The relative axial deformation between crown and band: in phase (IPh); in counter-phase (CPh). 
Comparison with the same impeller but without rotor connection
In Fig. 13 , the modal response of the same impeller but suspended without rotor has been represented. When comparing the response with and without rotor some changes can be seen. The connection to the rotor produces a shift in the first frequency values; the first 2-ND mode has increased his frequency from 250 Hz to 291 Hz (1.16%) while the 3-ND increases from 437 Hz to 447 Hz (1.03%). This is because the shaft connection increases the stiffness of the crown. Another difference is with the 0-ND and 1-ND modes. While these modes could hardly be seen in the frequency response function when the impeller was connected to the rotor, with the impeller suspended they are clearly detected. As indicated above, while the modes 2-ND and higher are little affected by the rotor the 0-ND and 1-ND are much affected. In that case the impacts on the impeller have not energy enough to excite the whole rotor system and the response is very small. Moreover the 0-ND and 1-ND modes are very much affected by the lateral natural frequencies of the rotor and cannot be compared with the response of the sole impeller. Higher modes show very little changes in frequency but the amplitude of the response is modified by the response of the structure. The evolution of modes is the same in both cases (with and without rotor), first modes inphase followed by modes in counter-phase.
Comparison with other impellers
To provide a more general perspective of the response of these impellers, the results are compared with the ones obtained in other impellers of different designs. These impellers are one of 6 blades [12] and another of 9 blades [9] . The response characteristics of all the impellers have some similarities. The first modes found have a disk-like mode-shape with crown and band deforming in-phase and in general the deformation is crown dominant (more deformation in the crown than in the band). In a second frequency range crown and band are in counter-phase followed by in-phase motions again. Also in all cases the first natural frequency found has a 2-ND mode-shape followed by a 0-ND mode-shape. In Table 3 the values are compared.
Conclusions
The dynamic response of a pump-turbine impeller was studied. An experimental investigation and a numerical simulation were used to understand the characteristics of the response. The natural frequencies and associated modeshapes were identified, analyzed and classified according to their nodal diameters and modal behavior. For a complex structure like this type of impellers, the modal response is complex exhibiting many natural frequencies with entangled mode-shapes. The main classification is carried out according the nodal diameters although sometimes they are not clearly observable in the mode-shape.
Due to the structural characteristics, the crown and band have much lower stiffness in the axial direction compared with the blades, especially near the outer diameter of the impeller in the suction side. Therefore the deformation is mainly in the outer diameter in axial direction. The impeller eye also deforms but in radial direction.
From the investigation carried out in an actual impeller installed in a machine some trends can be extracted. Depending on the mode-shape characteristics different frequency bands can be identified in the impeller response. In the first frequency range (250-550 Hz in the investigated impeller) the mode-shapes have more deformation in the crown than in the band (crown dominant motion) except in the first mode-shape. This frequency range can be split into two parts one with disk-like in-phase motions between crown and band and another with counter-phase motions. Up to 450 Hz the motion of crown and band are in-phase and from 450 Hz to 670 Hz are in counter-phase.
In the beginning of this range clear and separated natural frequencies (2-ND and 3-ND modes) are found with an inphase motion and the whole impeller deforming. In the counter-phase frequency range higher modal density exists and, in general, only one part of the impeller deforms (basically the crown) with asymmetric deformation around the impeller.
In a second frequency range the deformation occurs basically in the band (band dominant) with in-phase and counterphase motions. After that the deformation occurs again in the crown with more complex modes and blade deformations.
The numerical model gives a rather good accuracy. Comparing these results with other published cases all impellers follow a similar pattern: first modes are disk-like with crown and band deforming in phase. When increasing frequency the deformation in band decreases and the crown and band deforms in counter-phase. Finally crown and band deforms again in-phase but with more deformation in band than in crown. The effect of the rotor on the impeller natural frequencies with 2-ND and 3-ND modes is to increase a little their frequency value in the first modes. 
